The wall-associated kinases (WAKs) 1 are receptor protein kinases that bind to long polymers of cross-linked pectin in the cell wall. These plasma-membrane-associated protein kinases also bind soluble pectin fragments called oligo-galacturonides (OGs) released from the wall after pathogen attack and damage. WAKs are required for cell expansion during development but bind water soluble OGs generated from walls with a higher affinity than the wall-associated polysaccharides. OGs activate a WAKdependent, distinct stress-like response pathway to help plants resist pathogen attack. In this report, a quantitative mass-spectrometric-based phosphoproteomic analysis was used to identify Arabidopsis cellular events rapidly induced by OGs in planta. Using N 14/ N 15 isotopic in vivo metabolic labeling, we screened 1,000 phosphoproteins for rapid OG-induced changes and found 50 proteins with increased phosphorylation, while there were none that decreased significantly. Seven of the phosphosites within these proteins overlap with those altered by another signaling molecule plants use to indicate the presence of pathogens (the bacterial "elicitor" peptide Flg22), indicating distinct but overlapping pathways activated by these two types of chemicals. Genetic analysis of genes encoding 10 OG-specific and two Flg22/OG-induced phosphoproteins reveals that null mutations in eight proteins compromise the OG response. These phosphorylated proteins with genetic evidence supporting their role in the OG response include two cytoplasmic kinases, two membrane-associated scaffold proteins, a phospholipase C, a CDPK, an unknown cadmium response protein, and a motor protein. The cell walls of angiosperms are composed of a complex arrangement of cellulose, hemicellulose, and pectin and are assembled through a complex, developmentally regulated coordination of synthesis, turnover, and interactions between protein and carbohydrates (1). The pectins can be selectively and locally cross-linked into a structural network that is subsequently remodeled and degraded by enzymes, and these events have dramatic effects on cell enlargement (2-6). Pathogens and mechanical disruptions also cause fragmentation and, thus, release of the pectin, leading often to a plant stress response (7-9).
current models predict that pectin digestion is a part of numerous regulated developmental processes, and by nature generates local pools of pectin fragments, or oligo-galacturonides (OGs). Indeed, the biological activity of pectin fragments in developmental processes has been suggested for many years, although the molecular mechanisms remain unknown (6, 7, 26 -28) .
Pectins are also the target of numerous pathogens that digest the wall as they approach the plant cell, thereby generating de-esterified pectin fragments or OGs (7) . These OGs can activate a plant stress response, indicating that OGs signal to the plant that a pathogen is present (7, 29) . Physical wounding and herbivory can also trigger the accumulation of OGs and a stress response, presumably through a similar signaling pathway.
WAKs Bind to Pectin-WAKs are plasma membrane receptors that bind pectin, thereby activating several different possible responses. During seedling growth, WAK2 is required for cell expansion and for the pectin activation of MPK3 and vacuolar invertase, presumably to increase turgor-driven expansion (19, 30, 31) . Pectin also causes the induction and repression of hundreds of genes involved in cell wall biogenesis and stress responses, and this response is WAK2 dependent (30, 31) . Overall, this work suggested that WAKs serve as pectin receptors, a conclusion that has received additional support from the results of experiments in which the WAK1 extracellular domain was fused to the kinase domain of the EGFR receptor (32) . OGs activated a pathway downstream of this hybrid kinase when it was transiently expressed in tobacco leaves.
A dominant WAK2 allele WAK2 cTAP , whose encoded protein requires a functional pectin-binding domain and an active kinase, induces a constitutive stress response (33, 34) . The response is dependent upon MPK6 and the pathogen response transcription factors EDS1 and PAD4. Importantly, the WAK2 cTAP allele is also suppressed by a null allele of a pectin methyl esterase, pme3 (33) . This provides genetic evidence that WAKs are sensing the de-esterified form of pectin, consistent with the higher affinity in vitro of WAKs for de-esterified over esterified pectin and for pectin fragments of limited degrees of polymerization, 9 -15 sugars (30, 31, 35, 36) . The pme3/pme3 mutant plant is more responsive to OGs than WT plants, as measured by the induction of the FADLox gene, a robust marker for OG induction of transcription (29, 33, 34) . The data support a model in which OGs are competing with native pectin to bind WAKs, thus providing a mechanism for WAKs to distinguish changes in the pectin network and activate alternate pathways.
There are at least 21 other Arabidopsis genes encoding proteins with receptor kinase sequences similar to WAK that also contain EGF repeats, and these have been coined WAKlike or WAKL genes (37, 38) . Unlike the model plant Arabidopsis, in crop plants such as rice and maize, the WAKLs have greatly expanded in number and a growing number of reports map disease resistance to specific mutant wakl loci (39 -43) , raising the possibility that WAK and WAKLs may prove to be important targets for future efforts at improving crop yield.
To understand how plant cells respond to pectin fragments that are induced by pathogens, biotic stresses, or during developmental patterns, a phosphoproteomic analysis was carried out to identify proteins phosphorylated as a result of OG treatment. The results reveal a subset of proteins that likely play a role in the pectin-induced signal transduction pathway and provide a new window into how changes to the plant cell wall are perceived.
EXPERIMENTAL PROCEDURES
Arabidopsis Metabolic Labeling and Untargeted MS-Growth conditions were as previously described (44) . Treatment was with 50 g/ml concentration of OG for 5 min. Three A ( 14 N OG-treated, 15 N mock-treated) replicates were used, and three B ( 14 N mock-treated, 15 N OG-treated) replicates were used. Each A or B experiment consisted of material from two flasks, combined into 85 ml homogenization buffer (44) with 1 mM DTT, 1 mM PMSF, 21.5 mM leupeptin, 1.5 mM pepstatin, 2 mM bestatin, 50 mM 1,10-phenanthroline, 100 mM vanadate, and 2.8 mM E64 added immediately prior to use. After combination, samples were immediately homogenized using a tissue tearer for 10 s at 10,000 rpm. Following filtration through one layer of miracloth, samples were spun at 6000 ϫ g at 4°C for 7 min to pellet debris. Microsomal fractionation was performed by further spinning the supernatant from the 6,000 ϫ g spin for 1 h at 4C and 100,000 ϫ g. Supernatant from this spin yielded soluble protein-enriched fractions, and the pellet was resuspended into 1 ml of resuspension buffer using a Teflon homogenizer to yield an insoluble protein-enriched fraction. Methanol/chloroform precipitation was performed on fractions as previously described. Following protein precipitation, tryptic digestion, and desalting, phosphopeptide enrichment was performed using 200 l spin-enrichment TiO 2 -packed tips (GL Sciences, Inc. Torrance Ca) using supplier protocol.
Dried phosphopeptides were solubilized into Optima LC/MS-grade 0.1% formic acid in water (Fisher Scientific Pittsburg PA) for injection onto an LTQ Orbitrap XL using an Agilent 1100 LC system. Solvent A was 0.1% formic acid, and solvent B was 95% acetonitrile, 0.1% formic acid. Sample was loaded directly onto an analytical column of inner diameter 75 m and outer diameter 360 m house-packed with ϳ13 cm C18 resin (Magic-C18, 200Å, 3 m, Michrom Biosources, Inc. Auburn Ca) at 0% B and a flow rate of 0.5 l/min from 0 -45 min, then eluted from 45-235 min at a flow rate of 0.2 l/min and a gradient to 40% B, then from 235-255 min to 60% B, then from 255-260 min to 100% B. The column was then re-equilibrated by flowing 100% A from 260 -278 min, stepping flow rate to 0.5 l/min at minute 265.
MS1 spectra were collected using the Orbitrap at resolution 100,000 with preview mode enabled. The top five MS2 per MS1 were collected in the LTQ, rejecting ϩ1 and unassigned charge states, using CID with an isolation window of 2.5 m/z, normalized CE of 35, activation Q of 0.25, activation at 30ms, and a minimum MS1 signal threshold of 500. Raw data were converted to .mgf files using default settings in the Trans-Proteomic Pipeline and searched using Mascot v2.2.2 and the Arabidopsis Information Resource (TAIR) protein database (version 9, June 19, 2009) with reverse sequences and common contaminants manually appended using BioEdit (Ibis Biosciences, 62,522 sequences in total). The enzyme trypsin was specified as the protease and one missed cleavage was allowed. A precursor and fragment ion tolerance of 20 ppm and 0.6 Da, respectively, were used. Cysteine carbamidomethylation was set as a fixed modification, and methionine oxidation, serine/threonine/tyrosine phosphorylation, and asparagine/glutamine deamidation were set as variable modifications. Mascot output was filtered to 1.0% false discovery rate using an in-house written script, and Census (45, 46) was used to extract ion chromatograms and quantify 14/15 N area ratios. Census output was reformatted using an in-house written script, and data were median-normalized per injection. 15 N Mascot searches were performed for all B experiment .raw files. Identical filtering and processing was applied, and data were added to the list of phosphochanges. Phosphopeptides of interest with Mascot score Յ 30 or potentially ambiguous phosphorylation localization (i.e. multiple phosphoisoforms were identified) were manually validated by raw MS2 spectrum analysis when possible. Ambiguity, even after manual examination, is noted in the supplemental table. All data have been provided as processed Excel files and raw data, which have been uploaded to and is publicly available via Chorus (https://chorusproject.org), and individual spectra are viewable using Scaffold (Proteome Software) and Supplemental File 2. All scripts are available on the Sussman laboratory website (http://www.biotech.wisc.edu/sussmanlab).
Experimental Design and Statistical Rational-To obtain the values highlighted in this manuscript, OG-responsive phosphorylation events had their ratios collapsed into a single data point by averaging all the values for the 14 Ntreat/ 15 Ncontrol experiment (A) and the inverse values of the 14 Ncontrol/ 15 Ntreat experiment (B). The requirement set for this manual calculation was that the peptides had at least one data point for both the A and the B experiment, and an averaged fold change of Ն1.20. t tests were performed using the spread of ratios from A experiments and from B experiments prior to inverting the B values, the results of which are the p values displayed. In the event that, for example, a peptide was identified in only one of the three A or B experiments, a p value could not be calculated; thus, some collapsed ratios have a value of "N/A." Plant Growth-Arabidopsis thaliana columbia was grown on soil or agar plates as described (34) at 22°C, 16 h light, 8 h dark. For treatment with OGs, seedlings were plated in a microtiter plate with 5 ml of 0.5X MS media plus vitamins, vernalized for 3 days, and incubated at 22°C with gentle shaking under 24 h light. After 7 days at 22°C, OGs were added to 50 g/ml unless otherwise noted, shaken for an additional 3 h, and then seedlings were frozen in liquid nitrogen.
Preparation of OG-400 ml of 1% polygalacturonic acid (PGA Sigma P3850, 85% de-esterified), pH 4.4 (NaOH), was autoclaved for 45 min, and then HCL was added dropwise to pH 2 while stirring. The preparation was centrifuged at 12,000 ϫ g for 20 min and the supernatant was adjusted to 50 mM NaOAc, 22.5% EtOH (should be pH 6 final). The sample was incubated at 4°C for 12 h and centrifuged at 16,000 ϫ g for 30 min. The pellet was resuspended in 50 ml water, and dialyzed versus five changes of water for 2 days at 4°C using a 1,000 kDa membrane. The solution was then lyophilized to powder. OGs were resuspended in water as needed and analyzed using Dionex chromatography to determine that the preparation had a dp of predominately 9 -15. From 4 g of material, 800 mg of OGs were recovered. Esterification was accomplished by adding 800 l of MeOH and 40 l H 2 SO 4 to 5 mg OGs and incubation for 24 h. The OGs were pelleted in a microfuge and resuspended in 1 ml MeOH, 37.5 l H 2 SO 4 for a further 24 h. The OGs were then washed three times in 1 ml 80% ETOH, dried, and resuspended in water.
Genotyping-Plants were genotyped by PCR according to (21) and using primers listed in Table I .
RNA Analysis-RNA was isolated from plant material using the RNeasy Plant Mini Kit (Qiagen Hilden Germany, http://www.qiagen-.com). Q-PCR was as described (29, 34) ; 1 g of RNA was used for a reverse transcription assay using oligo dT for first-strand synthesis in a Invitrogen Superscript III RTPCR Kit (Invitrogen 18080 -051 Carls- 
RESULTS AND DISCUSSION
Phosphoproteomics-To identify cellular events affected by the presence of OGs, proteins were identified whose level of phosphorylation was changed rapidly after treatment of plants with OGs. For this quantitative mass-spectrometric-based analysis, seedlings were grown in liquid media containing N 15 and then treated with OGs for 5 min, a brief period of time that is known to activate a WAK-dependent response (30, (32) (33) (34) . Mock treated seedlings were grown in N 14 media. The samples were frozen, combined, fractionated into a membrane and soluble fraction, and analyzed by mass spectrometry, and the N isotope identified the source. The experiment was performed in triplicate. To control for any possible effects of the isotope, the N 14 and N 15 were switched between the treatment type and the experiment was performed in triplicate again, for a total of six biological replicates (18, (47) (48) (49) . From the peptides identified (Supplemental Table 1 ), phosphopeptides were selected that appeared in at least one of either experimental set's replicates and whose fold change had an average value between experimental sets of Ն1.2. The goal was to use the proteomic analysis as a discovery experiment, and this fold level was chosen over one more stringent as it includes a greater number of candidates whose validity could be tested by alternate assays, such as genetic interactions, as described below. Statistical significance of fold change (p values) was calculated, and the vast majority were found to be p Յ 0.05. This list, comprised of 50 different phosphopeptides, is shown in Table II where "fold change" is relative to mock treatment set to 1.
This list of 50 phosphopeptides was then compared with those identified previously from experiments with the bacterial elicitor Flg22 (50 -52), and seven were found to be in common (gray gene number in Table II) . Of these seven, only one, the ABC transporter PEN3, had the same phosphorylation site induced by both Flg22 and OGs. Both OG and Flg22 induce phosphorylation but at different sites of: CDPK19, a calciumdependent kinase; SYP122, a syntaxin-like vesicle transport protein, AHA1 a proton ATPase, MSL6 a mechano-sensitive channel, and REM1.3 a proposed signaling scaffold protein.
Beyond these seven phosphorylation events, OGs and Flg22 induce quite different responses, and an overlapping but distinct profile is also observed at the transcriptional level (29, 34) and in the induced plant's phenotypes. Notable too is the absence from OG but not Flg22 treatment of the receptor kinase BIK1 phosphorylation, a common substrate for LRRtype kinase pathways (52, 53) . This could be because BIK1 phosphorylation is either not induced by OGs or induced at a level too low to identify using untargeted mass spectrometry.
In order to evaluate the physiological relevance of these phosphorylation events in relation to OG signaling, the list was reduced in size by concentrating on non-Flg22-induced events (i.e. OG specific) and on those with a twofold or higher phosphorylation change (Table III) . CDPK19 and REM1.3 were retained on the list as examples of overlap with the Flg22 database. Two protein kinases, ROG1 and SRF6, were also included in the shorter list as they have a high potential to describe a signaling cascade, although the significant fold change was less than 2. Most relevant to a potential OG signaling pathway are two cytoplasmic receptor-like kinases we have termed ROG1 and 2 (response to OGs). ROG1 and 2 are members of a large family whose members can associate directly with membrane receptors and/or mediate signal transduction (54, 55) . Thus, WAKs may interact with the ROGs, but this remains to be tested. The receptor kinase SRF6 is a member of the STRUBBELIG family whose function is unknown, although one member is important in development (56) . Two remorin family members REM1.2 and 1.3 were also identified. The remorins were first observed as being phosphorylated upon OG treatment of seedlings in 1996 and represent a diverse family that may act as scaffolding proteins for signaling at the plasma membrane (57-59). Peptides for MPK3 nor MPK6 were not identified in this untargeted analysis, and thus, although they may play a role in WAK/OG signaling (30, 34) , our experiments cannot confirm or refute this. MPK8 was the only phosphorylated MPK induced by OG identified in this analysis. OGs also induced phosphorylation of a motor protein, and we speculate that this may be related to receptor turnover by vesicle traffic, but this remains to be experimental tested. A phospholipase C was also phosphorylated in response to OG treatment, suggesting that OGs may induce the generation of IP 3 . The cadmium response protein is phosphorylated but is of unknown function. None of the five WAKs were identified in this analysis, likely because they fractionate with the cell wall rather than the membranes or the cytoplasm. Alternatively, the WAK receptor may have been too rapidly internalized or degraded, as is the case for the FLS2 receptor, which was also not identified in the Flg22 phosphoproteomic analysis (52) .
Mutations Reduce OG Response-Homozygous null mutations were identified for genes on the reduced list in order to determine which were necessary for the response to OGs. T-DNA knock-out lines all having insertions in exons were available for 12 genes on the short list and homozygous lines for each were isolated. Reverse transcriptase PCR analysis of RNA isolated from plants homozygous for nine of these lines showed that, while mRNA was detected from wild-type loci, no mRNA could be detected from plants homozygous for the mutant gene (ko, Fig. 1 ). For three lines not shown, no RNA Table III along with the phospho-peptide information, and the qRT-PCR results relative to wild type are shown in Fig. 2 . In wild-type (WT) plants, FADlox expression was induced by OGs ϳ1,500-fold relative to untreated plants (29, 30, 33, 34 cTAP , indicating suppression and enhancement is not due to altered gene expression of the mutant WAK allele (data not shown).
In conclusion, our results indicate that the cytoplasmic kinase ROG2 is required for the effect of the hyperactivated WAK2 cTAP allele and, hence, by inference, for WAK action. This is supported by the observation that WAK2 cTAP has been shown to be pectin responsive and dependent upon the pectin binding and kinase domains in the receptor (34) . These results also corroborate the finding that the OG transcriptional response in rog2 homozygotes is compromised (Table III, Fig.  2 ). REM1.3 is predicted to be a scaffold protein that might bind signaling proteins near the plasma membrane (58) . The observation that rem1.3 homozygotes compromise OG induced FADlox gene expression but enhance the dominant WAK phenotype suggests that its absence has an effect on a mechanism that induces the WAK2 cTAP phenotype independent of FADlox gene expression reduction. The reduction of FADLox induction may also be insufficient to abate a phenotype that is still enhanced by rem1.3 mutants. Nevertheless, the results demonstrate that both REM1.3 and ROG2 affect both OG activation and interact genetically with WAK2, providing further support of their role in OG signal transduction. However, the results here have yet to indicate if the binding of OGs to WAKs are inducing the observed phosphorylation events.
By using a robust phosphoproteomic analysis of Arabidopsis seedlings and genetic validation through testing of mutants in the genes encoding these peptides, results we have obtained have implicated a receptor-like kinase SRF6, two cytoplasmic kinases ROG1 and ROG2, and putative scaffolding proteins REM1.2 and REM1.3 in OG signaling. Other possible candidates specific for an OG signaling cascade include a phospholipase C, a motor protein, and an unknown Cd response protein. Further genetic and biochemical analysis will be required to determine how these combine to elicit the perception of pectin fragments in the plant cell wall.
